We cloned a 9.4-kb DNA fragment from Streptomyces scabies ATCC 41973 that allows the nonpathogen Streptomyces lividans 66 TK24 to necrotize and colonize potato tuber slices and produce scab-like symptoms on potato minitubers. Deletion analysis demonstrated that activity was conferred by a 1.6-kb DNA region. Sequence analysis of a 2.4-kb DNA fragment spanning the DNA region necessary for activity revealed three open reading frames (ORFs). The deduced amino acid sequence of ORF1, designated ORFtnp, showed high levels of identity with the first 233 amino acids of the putative transposases of the IS1164 elements from Rhodococcus rhodochrous (71%) and Mycobacterium bovis (68%), members of the Staphylococcus aureus IS256 family of transposases. No significant homologies to ORF2 and ORF3 were found in the nucleic acid and protein databases. ORFtnp is located 5 of ORF3. ORF2 is incomplete and is located 3 of ORF3. Subcloning of the individual ORFs demonstrated that ORF3, designated nec1, is sufficient for necrotizing activity in S. lividans 66 TK24. S. lividans 66 TK24 expressing nec1 does not produce thaxtomin A but produces an unidentified extracellular water-soluble compound that causes necrosis on potato tuber discs. The G؉C content of nec1 suggests that it has moved horizontally from another genus. Southern analysis of ORFtnp and nec1 demonstrate that these genes are physically linked in Streptomyces strains, including S. scabies and Streptomyces acidiscabies strains, that are pathogenic on potato and that produce the phytotoxin thaxtomin A. These data suggest that nec1 may have been mobilized into S. scabies through a transposition event mediated by ORFtnp.
Streptomyces spp. are gram-positive filamentous bacteria. Almost all described species are soil saprophytes, and many produce biologically active secondary metabolites, including antibiotics. However, a few species are plant pathogenic. These species infect underground structures of many plant species. Streptomyces scabies (Thaxt.) Lambert and Loria (22) is the predominant and best-studied of the plant-pathogenic species and causes an economically important disease of potato tubers called potato scab (28, 29) . Streptomyces acidiscabies Lambert and Loria, although apparently limited in distribution, also causes disease on potato tubers (21) . The symptoms caused by S. acidiscabies are indistinguishable from those caused by S. scabies, and both species infect tap roots of radish, turnip, and other crops (23) . Streptomyces ipomoeae (Person and Martin) Waksman and Henrici (43) infects storage and fibrous roots of sweet potato (6) . There is evidence that several other Streptomyces species may be able to cause disease on plants (reviewed in reference 27).
Plant-pathogenic Streptomyces species are diverse, based on physiological, morphological, DNA-DNA hybridization, and ribosomal analyses (13, 20, 39) . However, similarities in host range and disease symptomology for some of these species suggest a common mechanism of pathogenicity. Thaxtomins are unique 4-nitroindol-3-yl-containing 2,5-dioxopiperazines produced by at least three plant-pathogenic Streptomyces species (16, 17, 25) . These toxins constitute a family of phytotoxic secondary metabolites that were originally purified from S. scabies-infected plant tissue (15, 25) but are also produced in oatmeal-based media (1, 26) . Thaxtomin production is positively correlated with plant pathogenicity (17) and may be quantitatively related to virulence within S. scabies (26) . These data suggest, but do not prove, that thaxtomin production is a plant pathogenicity determinant among plant-pathogenic Streptomyces spp. Other phytotoxins produced by bacterial plant pathogens affect strain virulence but are not required for plant pathogenicity (reviewed in reference 11).
The goal of our work is to identify pathogenicity determinants used by plant-infecting Streptomyces spp. In this article we describe the cloning and characterization of a gene from S. scabies that confers necrotizing ability on Streptomyces lividans. The atypical codon usage in this 0.67-kb gene strongly suggests that it has been horizontally transferred from another genus, and the proximity to a putative transposase gene suggests a mechanism for its movement.
MATERIALS AND METHODS
Strains, plasmids, and media. Bacterial strains and plasmids used or constructed in experiments described in this study and their relevant characteristics are listed in Table 1 . Oatmeal broth (OMB) and oatmeal agar (OMA) were used to assess thaxtomin A production and to produce inoculum for pathogenicity tests (26) . Spore suspensions of all the Streptomyces strains were prepared as previously described (14) .
Recombinant DNA techniques. Recombinant DNA techniques were carried out according to the methods of Hopwood et al. (14) and Rao et al. (35) for Streptomyces and that of Sambrook et al. (38) for Escherichia coli, except for the preparation of competent E. coli DH5␣MCR cells (12) . For subcloning and preparation of DNA for probes, individual DNA restriction fragments were purified by separation on agarose gels, followed by elution of DNA on Prep-AGene (Bio-Rad) or GenElute columns (Supelco). Techniques for protoplasting and transforming S. lividans 66 TK24 were performed as described by Hopwood et al. (14) and Rao et al. (35) , respectively.
Cosmid library construction, expression, and screening. Total genomic DNA was partially digested with Sau3AI, and fractions with DNA fragment sizes of 20 to 50 kb were pooled and dephosphorylated with alkaline phosphatase (Boehringer Mannheim). Streptomyces DNA was ligated to cosmid pKC505 (36) and in vitro packaged in lambda particles with the GigapackRII packaging extract from Stratagene (La Jolla, Calif.). E. coli DH5␣MCR cells were transduced and plated on Luria agar amended with G418 (Geneticin) and incubated for 3 to 4 days at 30°C. Four thousand transductants were pooled, and the cosmids were purified to use as a primary pool for Streptomyces transformation. Insert sizes ranged from 20 to 35 kb. Protoplasts of S. lividans 66 TK24 were transformed with the primary pool of cosmid DNA. Transformants were transferred to OMA plates amended with apramycin, grown for 5 days, and tested for necrotizing ability.
Plant bioassays. A previously described (26) potato tuber disc (PTD) assay was used to screen transformants for necrotizing ability. Immature potato tubers (28) were used to evaluate pathogenic activity, as described by Loria et al. (26) , with the following modifications. Streptomyces strains were grown in OMB amended with trace elements (14) . Cultures of the recombinant S. lividans strains were incubated for 24 h and other Streptomyces strains were incubated for 3 to 4 days. Six immature potato tubers were immersed for 5 min in OMB cultures of the test strains, followed by incubation at 100% relative humidity for 3 to 4 days at 22 to 24°C in the dark.
Phytotoxin assays. Methods for evaluation of thaxtomin A production by Streptomyces strains in culture media (26) and potato tuber tissue (18) were similar to those used previously. Necrogenic activity of the chloroform extracts was also tested in the PTD assay. Bands of interest were removed from the thin-layer chromatography plates, eluted in methanol, concentrated, and tested for necrogenic activity on tuber discs. A standard of thaxtomin A was generously provided by Russell R. King (Fredericton, Canada).
The aqueous fractions of cultures of Streptomyces strains were tested for necrotizing ability. S. lividans recombinant strains, including S. lividans 66 TK24 transformed with the vector alone, and S. scabies strains were cultured in OMB. S. scabies cultures were grown for 3 to 4 days, and S. lividans strains were grown for 12 to 36 h. Time points were based on preliminary experiments in which cultures were evaluated after 0.5 to 6 days (3). The cultures were extracted twice with equal volumes of chloroform, and the remaining aqueous fraction was evaporated to dryness, dissolved in water (200 l), filter sterilized, and used in the PTD assay.
Insertion mutation analysis. Competent E. coli POII1734 cells (5) were transformed with plasmid pRB101 and mutagenized with the mini-Mu transposon Mu dII1734 as previously described (10) . The resulting lysate was used to transduce E. coli JM101 (Rec ϩ ) cells to kanamycin resistance. Thirty-five transformants were picked and checked for insertions in the cloned fragment by restriction analysis. Protoplasts of S. lividans 66 TK24 were then transformed with the plasmids that carried insertions in the cloned DNA fragment. Two to five S. lividans 66 TK24 transformants from each insertion mutation were tested for loss of necrogenic ability on PTDs.
Southern blot analysis. Total genomic DNA was digested with BamHI, separated by agarose gel electrophoresis, UV nicked, transferred to Hybond-Nϩ nylon membranes (Amersham, Little Chalfont, England) by the manufacturer's alkaline transfer method, and hybridized to random-primed [␣- 32 P]dCTP-labeled DNA probes made with the Prime-It II labeling kit from Stratagene. Prehybridization and hybridization were done at 65°C overnight in the following buffer: 2ϫ SSPE (1ϫ SSPE is 0.18 M NaCl, 10 mM NaH 2 PO 4 , and 1 mM EDTA [pH 7.1]), 5ϫ Denhardt's solution, 1% bovine serum albumin, and 5% sodium dodecyl sulfate (SDS) (Amersham). The most stringent wash was 0.1ϫ SSC, (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and 0.5% SDS for 15 min at 65°C. Nucleotide sequence accession number. The nucleotide sequence of the 2.4-kb region described in this work has been deposited in the GenBank and EMBL databases under accession no. AF031232.
RESULTS
Isolation and subcloning of a cosmid that conferred necrogenic activity. A total genomic library from S. scabies 84-34 was constructed in the shuttle cosmid vector pKC505 (36) and expressed in S. lividans 66 TK24. Approximately 0.5% of the transformants produced melanoid pigments on the regeneration plates, a characteristic of S. scabies (22) . Previous work has shown that unlike other bacterial toxins (11), thaxtomin A does not exhibit any antimicrobial activity (3). We therefore used a PTD assay for the library screen. One of the 2,000 transformants screened, S. lividans 66 TK24(pKC87.5), colonized, produced necrosis, and sporulated on PTDs in a manner similar to that of the wild-type strain, S. scabies 84.34 ( Fig. 1) . S. lividans 66 TK24 with or without the cosmid vector did not cause any symptoms in this assay.
A PstI digest of pKC87.5 identified a 12-kb insert from S. scabies 84.34. A 9.4-kb BamHI DNA fragment from pKC87.5 was subcloned on the shuttle plasmid vector, pWHM3 (42) , resulting in plasmid pRB101. This subclone was used in all the subsequent analyses. The 9.4-kb DNA fragment conferred necrogenic activity on the heterologous host when inserted in either direction in pWHM3, suggesting that the encoded genes were being transcribed from one or more native promoters. S. lividans 66 TK24(pRB101) produced more necrosis on PTDs than did the original cosmid. Mutational analyses and subcloning. Plasmid pRB101 was mutagenized with the mini-Mu transposon Mu dII1734 (5) to locate the DNA fragment necessary for necrogenic activity. Seven mutated plasmids completely lost the ability to produce necrosis in the PTD bioassay; these insertions were clustered in a 3-kb DNA region starting from the right-hand BamHI cloning site. Some of the mutated plasmids were unstable, a result of recombination between copies of the lacZ gene on both Mu dII1734 and pWHM3.
Deletion mutations were introduced into some of the plasmids to locate the DNA region necessary for necrogenic activity within the 3-kb fragment. DNA was deleted from the lefthand BamHI site of each plasmid to a HindIII site in the mini-Mu element (Fig. 2 ). These deletion plasmids were then expressed in S. lividans 66 TK24 to test for necrotizing activity. Deletion plasmids demonstrated that necrogenic activity was conferred by a 1.6-kb DNA fragment within the 3-kb DNA region that had been identified by transposon mutagenesis.
Necrogenic activity of S. lividans 66 TK24(pKC87.5) and TK24(pRB101). Thaxtomins were not produced in OMB cultures of S. lividans 66 TK24(pKC87.5) or in potato tuber tissue colonized by this strain, based on the lack of characteristic yellow bands in silica gel thin-layer chromatography analysis of chloroform extracts and the lack of necrogenic activity of these extracts in the PTD bioassay. Cultures of S. lividans 66 TK24 (pRB101) also failed to produce thaxtomin A. However,the unfractionated cell-free cultures of S. lividans 66 TK24(pKC87.5) and TK24(pRB101) and the aqueous fractions of these cultures were necrogenic in the PTD bioassay. Necrogenic activity could be detected in 12-to 24-h-old cultures. Cultures of both S. scabies strains contained thaxtomin A as well as aqueous necrogenic compounds after 3 to 4 days of growth. Cultures of TK24(pWHM3) did not contain thaxtomin A and were not necrogenic.
S. lividans 66 TK24(pRB101) caused lenticel browning and collapse and russeting of the periderms of minitubers (Fig.  3A) . This strain also produced necrotic spots in the growing apex of the minitubers and necrosis on the small leaflets produced in this area (Fig. 3B) . These symptoms were less severe than those caused by S. scabies 84.34, which produced larger necrotic lesions on the surfaces of some of the tubers (Fig. 3C) . No symptoms were produced on minitubers inoculated with the vector control (Fig. 3D) .
DNA sequencing and analysis. The overall GϩC content of the 2.4-kb DNA fragment that included the 1.6-kb fragment shown to confer necrogenic activity was 63%. Putative ORFs were identified based on codon bias typically found in protein coding sequences from Streptomyces (predominance of G or C in the third codon position) as identified by FRAME (2) analysis and the locations of likely ribosome-binding sites (RBSs) upstream of the initiation codon of each ORF. Two ORFs that were typical of Streptomyces protein coding sequences were identified. A third ORF was located in the central part of the sequence and displayed an unusually low GϩC content and therefore a codon usage that was atypical for Streptomyces genes.
ORF1 (693 bp) matched the nonrandom distribution of the FRAME plot on the left end of the sequence between nucleotides (nt) 0 and 750 (Fig. 4) . The overall GϩC content of ORF1 is 68.5%. A putative RBS (5Ј-GAAGGAGA-3Ј) is located 9 nt 5Ј to the translational start codon (AUG) (Fig. 5) . The nucleotide sequence of ORF1, which is located 5Ј to the region conferring activity, is highly similar to that of the puta- tive transposases of the IS1164 element from Rhodococcus rhodochrous (68.5%) (19) and IS1081 from Mycobacterium bovis (62.5%) (7). Based on this homology, the sequence of ORF1, designated ORFtnp, seems to have undergone a frameshift mutation through a single nucleotide deletion at nt 245 that introduced a stop codon at nt 189. The GϩC composition of the three nucleotide positions within the codons, based on the frameshift-corrected sequence, is 70% at position 1 [GC1], 45% at position 2 [GC2], and 90% at position 3 [GC3]. Moreover, the deduced amino acid sequence of ORFtnp revealed a strong similarity with the IS256 family of transposases from Staphylococcus aureus. Especially, there is high identity to the first 233 amino acids of the putative transposases of the IS1164 element from R. rhodochrous (71%) (19) , of IS1407 from Mycobacterium celatum (71%) (31), of IS1408 from Mycobacterium branderi (70%) (32), of IS1081 from M. bovis (68%) (7), of IS1395 from Mycobacterium xenopi (66%) (33), of IS16 from Enterococcus faecalis (34%) (34) , and of IS256 from Staphylococcus aureus (32%) (4) (Fig. 6) .
ORF2 (312 bp) matched the nonrandom distribution of the FRAME plot on the right end of the sequence between nt 2,000 and the right-hand BamHI site (Fig. 4) . No significant homology to previously characterized genes was found. The GϩC content of ORF2 is 71%, and the GϩC compositions of the three nucleotide positions GC1, GC2, and GC3 are 75, 59, and 79%, respectively. A putative RBS (5Ј-GAAGG-3Ј) is located 5 nt 5Ј of the start codon (GUG) (Fig. 5) . ORF2 is located within the region of DNA that confers activity. However, ORF2 lacks a translational stop codon and the cloned copy is incomplete.
ORF3 (663 bp) is located within the 1.6-kb DNA region conferring activity, and between ORF1 and ORF2. The GϩC content of this frame is 54%, and there is no significant bias towards codons containing G or C at the third position (GϩC contents of GC1, GC2, and GC3, 53, 51, and 58%, respectively). ORF3 has a putative RBS (5Ј-GAGACA-3Ј) located 8 nt 5Ј of the start codon (AUG) (Fig. 5) . Another putative start codon (GUG) with a putative RBS (5Ј-GAGAGGA-3Ј) occurs downstream of the AUG codon. No significant homology to ORF3 was found, based on comparisons with nucleotide and protein databases. The predicted product of ORF3 consists of 221 amino acids (M r , 24,041). In reasonable agreement with this M r , a polypeptide having an apparent molecular mass of about 25.5 kDa could be assigned to this ORF, after overexpression of ORF3 from the T7 promoter on a plasmid vector and analysis by SDS-polyacrylamide gel electrophoresis (data not shown).
Subcloning of nec1 (ORF3).
To identify the DNA region essential for necrogenic activity within the 2.4-kb DNA fragment, the three ORFs were subcloned individually and in combination into the shuttle plasmid vector pUWLKS (44) and tested for necrogenic activity in S. lividans 66 TK24 by the PTD bioassay. nec1 (663 bp), either alone or in combination with the other two ORFs, was sufficient for necrogenic activity (Fig. 7) . ORFtnp and ORF2 did not confer necrogenic activity to S. lividans 66 TK24 in the absence of nec1. A PstI deletion removing 100 bp from the 5Ј end of nec1 and 50 bp upstream of the translational start codon (Fig. 5) abolished the necrogenic activity conferred by the 2.4-kb DNA fragment.
Southern blot analysis. We were interested in determining whether thaxtomin A production is correlated to the presence of nec1 in Streptomyces strains of several species. Southern blot analyses were performed on DNA from genetically and geographically diverse pathogenic and nonpathogenic Streptomyces strains, with fragments of ORFtnp (490 bp SstII-ClaI) and nec1 (305 bp PstI-RsaI) used as probes. ORFtnp and nec1 hybridized only to DNA from thaxtomin A-producing strains of S. scabies and S. acidiscabies (Fig. 8) . These strains were all pathogenic on potato minitubers (Table 2) . Interestingly, ORFtnp and nec1 apparently occur on the same restriction fragment in all the pathogenic strains, suggesting the physical linkage of the two ORFs in these strains. This linkage was confirmed by Southern analysis using PvuII digests of S. acidiscabies strains (data not shown). Pathogenicity on immature potato tubers and thaxtomin production were tested in our laboratory, with the exception of those for S. ipomoeae strains ( Table 2) . None of the nonpathogenic Streptomyces strains tested produced any of the described thaxtomins or had sequences homologous to either of the two ORFs, with one exception. DNA from Streptomyces setonii ATCC 25497, a strain reported to be a weak potato pathogen when isolated in 1926 (30), hybridized to ORFtnp but not to nec1. This strain does not produce any of the described thaxtomins and was not pathogenic in our bioassays.
DISCUSSION
The basis for plant pathogenicity among Streptomyces species is not known, although several lines of evidence indicate that production of one or more members of the thaxtomin FIG. 4 . FRAME analysis of the 2.4-kb DNA fragment including the frameshift-corrected sequence of ORF1. The arrowheads on the lines above and below the graph indicate translational start codons and their orientations; vertical bars crossing the lines represent translational stop codons. The first triplet position and its associated reading frames (N1Ͼ and N3Ͻ) are plotted as a dotted line, the second triplet position and its associated reading frames (N2Ͼ and N2Ͻ) are plotted as a thick line, and the third triplet position and its associated reading frames (N3Ͼ and N1Ͻ) are plotted as a thin line. The vertical axis represents percent GϩC content. ORF1, ORF2, and ORF3 are represented as shaded lines in the appropriate reading frames.
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phytotoxin family may confer pathogenicity (17, 26) . Our strategy was to identify pathogenicity determinants from S. scabies, including thaxtomin biosynthetic genes, through heterologous expression of a cosmid library in S. lividans. Since necrosis is the initial symptom produced by S. scabies, we screened the cosmid library for necrogenic activity on potato tuber tissue. We succeeded in cloning a DNA fragment that confers necrogenic ability to S. lividans 66. This DNA fragment allows the nonpathogen S. lividans to grow and sporulate on excised potato tuber tissue and cause scab-like symptoms on immature potato tubers. The pathogenic phenotype of S. lividans carrying this DNA fragment is similar, but less severe, than that of the wild-type S. scabies 84.34. Using transposon mutagenesis, deletion analysis, and subcloning, we determined that the pathogenic phenotype was conferred by a 0.67-kb ORF, designated nec1. The identification of a single gene that confers a pathogenic phenotype on a nonpathogenic expression host is unprecedented. Though we suspect that nec1 is involved in production of the phytotoxin thaxtomin A, S. lividans 66 TK24 expressing nec1 does not produce any of the described thaxtomins. However, this strain does produce an extracellular water-soluble compound that causes necrosis of potato tubers. The structure of this compound is not yet identified. Sequence analysis of nec1 demonstrated a lack of homology to previously characterized genes. Whether nec1 encodes an enzyme involved in the biosynthesis of thaxtomins or another pathogenicity factor will be determined by marker exchange mutagenesis of nec1 in the wild-type strain 84.34 and by the identification of the chemical structure of the necrogenic compound produced by S. lividans 66 TK24 expressing nec1.
Southern analysis demonstrated that nec1 has homologs in FIG. 5 . Nucleotide sequence of the 2.4-kb DNA fragment and deduced amino acid sequences of ORF1 (ORFtnp), ORF1FS, ORF2, and ORF3 (nec1). Amino acid residues are indicated in the one-letter code under the nucleotide sequence. ORF1FS is the deduced amino acid sequence resulting from a ϩ1 frameshift of ORF1 at nt 245 (). The cloned copy of ORF2 is incomplete, lacking a transcriptional stop codon. Putative RBSs and restriction sites are underlined or overlined. The boxed sequence 5Ј to ORF1 represents the sequence homologous to the 5Ј inverted repeats of IS1164 and IS1081. The boxed sequence 3Ј to ORF3 indicates an alternative putative start codon for this ORF.
other plant-pathogenic Streptomyces strains that produce thaxtomin A but not in strains that do not produce this toxin. Hybridizing strains were genetically diverse, based on 16S rRNA gene sequences and DNA-DNA hybridization, and included S. acidiscabies as well as S. scabies strains (13, 39) . The correlation between hybridization to nec1 and the ability of genetically diverse species to produce thaxtomin A is consistent with the hypothesis that this gene is involved in thaxtomin A production. In addition, we have cloned the nec1 homolog from S. scabies 87.22 and expressed it in S. lividans, demonstrating that this homolog also confers necrogenic activity in S. lividans (data not shown).
Lack of hybridization of nec1 to S. ipomoeae strains was surprising since these strains produce thaxtomins in vivo (16).
However, S. ipomoeae does not produce thaxtomin A; the predominant thaxtomin isolated from S. ipomoeae-infected plant tissue, thaxtomin C, is the least-modified member of the thaxtomin family. S. ipomoeae does not produce any thaxtomins in vitro, and analysis of putative precursors suggests that thaxtomins may proceed via distinct biosynthetic pathways in S. scabies and S. ipomoeae (16) .
The deduced amino acid sequence of ORFtnp revealed a strong similarity with the S. aureus IS256 family of transposases. These IS elements represent a family of transposable elements, some of which are responsible for the intraspecific and intrageneric spread of the aacA-aphD aminoglycoside resistance (resistance to gentamicin, tobramycin, and kanamycin) among clinical isolates of staphylococci and streptococci (4, 34, 37) . Members of the IS256 family also specify erythromycin (ermCX) resistance in clinical isolates of Corynebacterium xerosis (40) . One of these insertion elements is associated with a nitrile hydratase, an enzyme involved in the biodegradation of plant-produced nitrile compounds in R. rhodochrous 32 P]dCTP by using the random nonamer primer labeling kit from Stratagene. Prehybridization and hybridization were done at 65°C overnight. After the last wash (0.1ϫ SSC), the membrane was exposed to X-ray film at Ϫ80°C for 2 h. Lanes: a through g, S. scabies ATCC 49173 (84.34), 87.22, 87.67, 87.73, 87.50, RB2, and ATCC 33282, respectively; h through j, S. acidiscabies ATCC 49003, 85.06, and 90.25, respectively; k through m, S. ipomoeae 91-3, 81-45, and ATCC 25462, respectively; n and o, strains ATCC 15485 and IMRU 3018 (placed in the Streptomyces albidoflavus group), respectively; p, is S. setonii ATCC 25497; q, strain IMRU 3029; r, Streptomyces griseus ATCC 10137; s, is S. lividans TK24; t, is Streptomyces griseofuscus C581; u through x, Streptomyces strains 84.05, 84.222, 84.235, and 92.01, respectively. Pathogenicity (Path) of and thaxtomin A (Thax A) production by strains are indicated. DNA size markers (in kilobases) are shown on the left-hand side of each blot. (19) . These composite transposons seem to be involved in the horizontal transfer of genes that improve the fitness of the organisms harboring them.
The low GϩC content (54%) of nec1 is atypical of protein coding sequences (61 to 79.7%) and noncoding sequences (69.5%) in Streptomyces (46) . Further, the GϩC content of S. scabies 84.34 is 70.5% (13) . Our results suggest that nec1 has been horizontally transferred into Streptomyces from another genus. We propose that nec1 was first introduced into S. scabies, a species described in 1891 (41) , and subsequently into other, more recently described, plant-associated Streptomyces species (27) . The proximity of nec1 to ORFtnp suggests that nec1 may have been spread among Streptomyces strains via transposition events. The high GϩC content of ORFtnp and the presence of a homologous sequence in the nonpathogen S. setonii ATCC 25497 suggest that ORFtnp may have evolved in Streptomyces, whereas nec1 was introduced into Streptomyces and subsequently became associated with ORFtnp. This hypothesis is supported by the apparent linkage of ORFtnp and nec1 among thaxtomin A-producing Streptomyces strains and the lack of homology of nec1 with strains that do not produce thaxtomin A. Sequence analysis of ORFtnp and nec1 homologs from other plant-pathogenic Streptomyces species will provide information on the similarity of these ORFs and may shed light on their horizontal movement.
